Brain metastases (BMs) are the most common intracranial malignancy and afflict ~10%-20% of patients with cancer. BMs tend to present at the boundaries of gray and white matter because of the distribution of small vessels. In addition, metastases may not be randomly distributed across gross anatomical regions of the brain, but this has not previously been quantified. We retrospectively analyzed a series of 28 patients with recurrent BMs with a total of 150 lesions. Each lesion was manually defined based on T1 gadolinium-enhanced imaging. Standard brain atlases were used to identify the anatomical brain region affected by each BM and the frequency of metastases in each region was compared with the expected probability, which was assumed to be a random distribution based on the brain volume. After correction for multiple comparisons, the paracingulate gyrus was found to have a statistically significant increase (P = 4.731 × 10 −9 ) in the rate of BMs relative to the random spatial distribution. A nonstochastic spatial distribution of metastases may be used to guide partial brain radiotherapy with risk-adapted dose delivery and reduce the risk of neurotoxicity due to overtreatment.
INTRODUCTION
Whole-brain radiotherapy (WBRT) for patients with brain metastases (BMs) is a commonly used technique to treat both visible and subclinical disease. Neurotoxicity is a major concern and protocols to reduce the volume of brain receiving a full dose are currently being tested in clinical trials. However, there are currently no available methods to risk-stratify regions of the brain on the basis of the probability of developing a BM. Accurate segmentation of the brain based on BM risk would permit the radiation dose to be spatially tailored to improve disease control in high-risk regions and spare neurotoxicity by reducing dose to low-risk regions.
More accurate radiation delivery has the potential of affecting numerous patients because BMs are the most common intracranial malignancy, with an annual incidence of >150 000 in the USA (1) , and are diagnosed in ~10%-20% of patients with cancer (2, 3) . Patients who have previously been treated for BMs or who are at an increased risk for developing BMs often undergo surveillance imaging with serial magnetic resonance imaging (MRI) scans, and treatment may involve focal radiotherapy, such as with stereotactic radiosurgery, or WBRT. Although WBRT remains the standard of care for many patients with BMs, improvements in systemic therapy have led to gains in survival for patients with metastatic disease, and the long-term neurocognitive toxicities associated with WBRT must now be weighed against the benefits of treatment. Therefore, several lines of investigation are now directed toward mitigating long-term toxicities associated with full-dose irradiation to the entire brain. Partial brain techniques have recently been tested in an effort to reduce late neurocognitive decline that is associated with WBRT. RTOG 09-33 was a phase II study using intensitymodulated radiation therapy (IMRT) to selectively spare the hippocampi bilaterally while delivering a full dose to the remainder of the brain (4) . Results showed that neurocognitive toxicities improved with IMRT relative to standard WBRT. In sparing the hippocampi from radiation toxicity, one would assume that patients would then be at an increased risk of developing metastatic foci in regions receiving a low radiation dose. On the contrary, local control appears to be maintained with IMRT, and extensive interrogation of the hippocampi revealed that it is at a very low risk for developing BMs (5) . The finding that a critical brain structure can be safely spared the damaging effects of high-dose irradiation without compromising efficacy is intriguing and motivates investigation into other areas that might be at a low risk of developing BMs. Some studies have reported that the distribution of BMs may be based on the vasculature (6-8), but others have found that the pattern of spread is influenced by other factors, such as disease histology (9) . The majority of the published work has relied on broad classifications of the brain, and there are currently no accepted atlases that segregate brain regions based on the risk of developing BMs.
Here, we hypothesized that discrete brain regions are involved with metastatic lesions beyond that which would be expected by chance. To test this, we identified 150 BMs in 28 patients treated at a single institution and compared the BMs' spatial distribution with a computer model of randomly distributed BMs. All BMs were coded by their voxel coordinates, and these were mapped onto 52 anatomical locations based on a common brain atlas to determine if particular regions were at increased risk of harboring metastatic disease.
METHODOLOGY
All procedures described in this study were approved by the institutional review board of Columbia University. We searched a database of patients with BMs from a primary diagnosis of either lung or breast cancer treated at our institution between December 2008 and January 2016 and selected those who met the following criteria: (1) were treated for at least 1 recurrent BM, (2) review of radiology reports determined that the BM recurrence was not definitively seen on a prior scan, and (3) all MRI data were available for analysis. Imaging data were obtained on either a 1.5 T or 3 T magnetic resonance scanner (GE Medical Systems Waukesha, Wisconsin) or a 1.5 T or 3 T magnetic resonance scanner (Philips Healthcare, Best, The Netherlands). Image processing was performed with the Functional MRI of the Brain Software Library (10) (FSL; Oxford, UK) and Matlab (MathWorks, Natick, Massachusetts). Brain extraction was performed for each imaging sequence. All brain lesions were manually contoured based on T1 contrast-enhanced scans.
T1 contrast-enhanced scans were coregistered using an affine registration (12 degrees of freedom) to the Montreal Neurological Institute (MNI) standard brain. Registration matrices were then applied to each manually contoured BM, and the center of gravity was computed to identify the centroid voxel, which was used as the "origin" of the BM. All voxel coordinates were maintained in MNI-space. The Harvard-Oxford cortical and subcortical (http://www.cma.mgh.harvard.edu/) atlases were used to determine the anatomical structures corresponding to each metastatic centroid. After removing ventricular spaces, broad anatomic boundaries that overlapped with other areas (eg, "cerebral cortex"), and combining subdivisions of particular regions (eg, "anterior" and "posterior" divisions), 52 anatomically defined regions of interest (ROIs) were included in our analyses ( Figure 1 ).
Coordinates for each of the 150 observed BM centroids were mapped onto the atlas, and the frequency of involvement for all 52 ROIs was computed. This observed value was compared with the expected value, which assumed that each voxel within the brain was at an equal risk of being involved with a BM. Therefore, the probability of 1 of the 52 ROI harboring a BM was a function of that region's volume relative to the total volume of all 52 regions. The observed and expected rates of BMs for each ROI were compared with proportional 2-tailed hypothesis testing, which is presented as follows:
p: proportion of observed BMs p 0 : proportion of expected BMs n: number of observed BMs Z: z − score n Raw z-scores and P-values are reported, but we subjected the interpretation of all results to a Bonferroni correction to adjust for multiple comparisons across the 52 anatomic ROIs. Therefore, the P-value needed to reach statistical significance was P ≤ 9.804 × 10 −4 .
RESULTS
There were 11 (39%) male and 17 (61%) female patients identified with a primary cancer diagnosis of non-small cell lung cancer in 19 (68%) and breast cancer in 9 (32%) patients (Table 1 ). The mean age of all patients was 59.5 years (range, 38 -89 years). The mean volume of all BMs was 1.196 cc (range, 0.128-18.368 cc). Several representative BMs are depicted in Figure 2 from 4 patients included in the analysis.
To visually inspect all BMs, a 3-dimentional rendering was created with all 150 lesions projected onto the MNI brain and dilated to the median BM diameter (see Supplemental Video). The 3-dimensional rendering provides a qualitative evaluation of spatial variations in BM distribution. To test for a nonstochastic spatial distribution, we compared the observed with the expected rate of BMs for each ROI. In this approach, the null hypothesis is that the spatial distribution of BMs is stochastic and the probability of detecting a BM within a brain region is a function of that region's volume.
For each of the 52 brain regions, 2 parcellations were performed. First, each atlas-based region was coded by its proportional volume relative to all 52 ROIs ( Figure 3 ). Second, within each region, voxels were coded by the number of BMs observed in the cohort of 150 lesions that fell within that ROI ( Figure 4 ). We noted that 21 lesions fell outside the bounds of any ROI identified in the atlas. Therefore, the final analysis consisted of 130 observed BMs. An increased frequency of BMs can be appreciated along the major branches of the anterior cerebral artery in the region of the paracingulate (ie, precingulate) gyrus. There also appears to be a general increase in the frequency of BMs in superficial rather than deep brain structures.
The frequency of BMs observed was significantly different from the expected value in 10 ROIs at P ≤.05 and 4 ROIs at P ≤.01 (Table 2) . Only the paracingulate gyrus reached significance after a Bonferroni correction for multiple comparisons ( Figure 5 ). Four regions: frontal pole, lateral occipital cortex, supramarginal gyrus, and temporal pole, had fewer observed BMs that were predicted by the simulation, with P-values of .009, .031, .046, and . 032, respectively. The possibility that this is an artifact of having a relatively small sample size of observed lesions cannot be ruled out from these data. Similarly, of the 52 anatomically defined brain regions in the atlas, 20 were not observed to have a BM, and this was likely influenced by the small sample size. We note that, consistent with the low rate of observed metastases in these ROIs, these 20 regions made up a small fraction of the total volume at risk (13.35%) with an average proportional volume of 0.67% (range, 0.04%-3.42%).
Finally, because the hippocampus has been the subject of prior investigations quantifying the frequency of BM involvement, we specifically reviewed results for this ROI. A review of the bilateral hippocampi and parahippocampal gyrus revealed that only 1 of the 150 total BMs in the cohort could be identified in the area. This is consistent with the literature, which has shown a near-zero rate of BM involvement with this structure (5, 6, 11) .
DISCUSSION
Metastatic disease may develop anywhere within brain, but it may have a nonrandom distribution that has not previously been quantified. Here, we hypothesized that the spatial frequency of BMs follows a nonstochastic distribution. To test this, we identified 150 BMs in 28 patients treated at a single institution and used the major divisions of the HarvardOxford cortical and subcortical atlases to identify anatomic regions that were involved. We then compared these values with the expected rates under the assumption that all voxels were at equal risk and that the probability of a brain region being affected by a metastatic focus was a function of the region's volume. Ten regions within the atlas showed a significantly different number of BMs that would be expected by chance, and the paracingulate cortex maintained significance after correction for multiple comparisons.
These results may be used to develop automated techniques to identify BMs where the nonuniform spatial distribution of these lesions could be used as a priori information to improve search algorithms. Of more immediate clinical relevance is the influence of our results on partial brain radiotherapy.
Prior investigations have showed a tendency for metastases to develop at terminal branches of arteries at gray-white boundaries and possibly at watershed areas (11, 12) . Additional work has revealed variations in BM distribution across the supra-and in-fratentorial brain. In 1 study, ~70%-80% of lesions were identified in the cerebral hemispheres, 15%-20% in the cerebellum, and ≤3% in the brainstem, which are thought to roughly follow patterns of blood flow (6) (7) (8) . Contrary to these results, a detailed autopsy analysis identified nearly equivalent rates of BM involvement in the cerebellum as compared with the cerebrum (9) . One explanation for the varying results may be differential patterns of BM distribution based on the primary histology or may be an artifact of how finely the cerebrum is segmented.
Bender and Tome provided the first analysis to help inform this debate by using atlas-based brain segmentation and stratifying BMs by the histology of the primary cancer (13) . This revealed that lung and breast cancer might have a predilection for the cerebellum, which aligns with prior autopsy results (9) . The authors further show the potential for these data to influence BM treatment, where a nonuniform dose distribution may improve tumor control probability. These studies have provided insight into the pathophysiology of BMs, but have provided a broad description of BM distribution without an analysis of individual cortical and subcortical regions. A more granular understanding of BM distribution may permit sparing of additional brain regions with partial brain radiotherapy to further improve the therapeutic window.
A recently completed national clinical trial, RTOG 09-33 (NCT01227954), showed a reduction in neurocognitive toxicities associated with whole-brain irradiation for BM when the hippocampi were avoided (4). The rationale for sparing the hippocampus to spare side effects is bolstered by the finding that the area is at relatively low risk for developing BMs. Detailed analyses have been performed to assess the risk for failure within the hippocampi plus a margin. These studies have estimated that between 0% and 0.4% of BMs are located within the hippocampus and ~3% are within 5 mm of the hippocampus (5, 6, 14) . This is considered an acceptably low risk and has allowed for IMRT to be used. In contrast to traditional whole-brain irradiation, IMRT allows for variable dose prescriptions to be delivered across the brain.
The success of RTOG 0933 has motivated additional studies, and partial brain techniques to spare the hippocampi are now being tested in numerous clinical trials. These include NRG-CC001, a phase III trial evaluating the role of memantine and brain irradiation with or without hippocampal avoidance (NCT02360215), and NRG-CC003 (NCT02635009), a phase II/III trial also comparing whole-brain treatment with or without hippocampal sparing in the setting of prophylactic cranial irradiation for small cell lung cancer. In addition to sparing particular brain areas, IMRT has the potential to ensure that high-risk regions receive adequate coverage or dose-escalated radiation. However, to the best of our knowledge, no ongoing trial uses any form of advanced radiation planning for this purpose. Tools to segment brain regions based on the rate of BM development would allow risk-based IMRT dosing to further improve the therapeutic window.
In the current study, patients with recurrent BMs were chosen because this is the population that may benefit from risk-adapted treatment with WBRT. For example, if a patient with BMs requires treatment for a low volume of disease and there is an opportunity to treat the brain partially, radiation may be tailored to avoid regions that are at a low risk of developing subsequent lesions. An additional rationale for analyzing patients with recurrent BMs is that this population is under close imaging surveillance, which typically identifies BMs when they are small and can be correlated to a specific anatomical focus. The selection of this patient population excludes those who have a cancer diagnosis, but do not have known brain involvement. Therefore, there may be limited application of these findings to patients being considered for prophylactic cranial irradiation, such as select patients with small cell lung cancer.
Another limitation of this study is the relatively small sample size of the clinically defined BMs. Although this does not challenge the interpretation that the paracingulate gyrus is at an increased risk of BM involvement, this may subject the study to more type II error. Further, the use of a stringent Bonferroni correction may further increase the false negative rate, but it strengthens the claim regarding the paracingulate gyrus. Therefore, it is likely that other brain regions are also at a relatively increased risk of developing BMs, and our data suggest that the paracingulate gyrus is among the most at-risk regions. To validate the findings of this study, reduce type II error, and improve applicability to other patient populations, future work should include a greater number of BMs and other histologies.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Representative axial T1 contrast-enhanced images from 4 patients were included in the analysis. A large ring-enhancing lesion in the right middle temporal lobe in the posterior insular cortex represents metastatic breast cancer (A). In another patient, a small enhancing metastatic focus from non-small cell lung cancer (NSCLC) can be appreciated in the medial left cerebellum (B). A patient with multifocal recurrent BMs from a primary NSCLC is also shown where 2 large ring-enhancing lesions are seen on the same axial section (C). Finally, a small enhancing nodule from a metastatic breast cancer is visualized in the left frontal lobe (D). Cortical and subcortical anatomic brain regions as defined by the Harvard-Oxford atlas are color coded by the number of brain metastases detected within the anatomic boundaries from the 150 lesions analyzed. In total, 20 lesions fell outside the bounds of any of the 52 ROIs, leaving 130 BMs to be analyzed. The area with the highest frequency of involvement was the precentral gyrus (*, bright yellow), which was affected by 15 metastases, which was not significantly increased above the predicted value after correction for multiple comparisons. The paracingulate gyrus (x, red) contained 11 lesions, which was the only ROI that was significantly increased above the expected rate after Bonferroni correction. Three-dimensional visualization of the paracingulate cortex (red). The region makes up a relatively small fraction of the total volume of brain tissue analyzed (1.7%), and it is notable for its close proximity to major vessels of the anterior cerebral circulation.
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